. These observations clearly show that mtlrRNA is essential for pole cell formation in Drosophila. Here, we report that mtlrRNA is enriched in germ plasm of Xenopus embryos from the four-cell stage to the blastula. Furthermore, our electron microscopic studies show that this mtlrRNA is present in the germinal granules during these stages. Thus, mtlrRNA is a common component of germinal granules in Drosophila and Xenopus, suggesting that the mtlrRNA has a role in germ-line development across phylogenetic boundaries.
Results and discussion
The temporal and spatial distribution of mtlrRNA in Xenopus embryos was determined under light microscopy using whole-mount in situ hybridization. We found that the germ plasm was enriched with the intense mtlrRNA signal during the four-cell to blastula stages ( Figure 1 ). During one-cell to two-cell stages, germ plasm consists of numerous small islets of yolk-free cytoplasm in the vegetal pole region [13] ; however, no mtlrRNA signal was detected in the germ plasm at these stages (Figure 1a,b) . The intense mtlrRNA signal first appeared in the germ plasm during the second cleavage division, when the small islets of germ plasm start to aggregate with one another to form large patches [13, 14] (Figure 1c-f) . Throughout the rest of cleavage, until the blastula stage, the mtlrRNA signal remained detectable in the large patches of germ plasm (Figure 1g-j) . At the gastrula stage, when the germ plasm is allocated around the nuclei of the germ-line progenitors [15] , the intense signal was no longer detectable (Figure 1k ,l). The control sense mtlrRNA probe failed to generate a signal in germ plasm throughout cleavage, blastula and gastrula stages (data not shown).
We next examined the distribution of mtlrRNA at an electron microscopic level. The embryos were hybridized with a digoxygenin (DIG)-labeled mtlrRNA probe and then were treated with a 1 nm gold-conjugated anti-DIG antibody. After the antibody reaction, the mtlrRNA signal was enhanced by silver enhancement (see Materials and methods). In the embryos processed as above, mtlrRNA signal was detected in the vegetal pole region (Figure 2a) . We cut ultrathin sections through the cytoplasm where the signal was concentrated and observed them under an electron microscope (Figure 2b-e) . The cytoplasmic region contained a large amount of germinal granules, the distinctive organelles of germ plasm, and mitochondria (Figure 2b -e) [4, 5, [16] [17] [18] [19] . This observation confirms our conclusion that mtlrRNA signal is concentrated in germ plasm. Within the germ plasm, the mtlrRNA signal was enriched in the germinal granules during late four-cell to blastula stages (Figure 2d,e) . In contrast, no signal was observed in the granules of two-cell embryos (Figure 2c) . For a control, we used a sense probe and found almost no signal in the germinal granules (data not shown). Thus, mtlrRNA is present in the granules from four-cell to blastula stages.
The stages at which mtlrRNA is present in the germinal granules coincide with those in which mtlrRNA signal is observed in germ plasm. This suggests that the enrichment of the mtlrRNA signal in germ plasm is not a result of intra-mitochondrial mtlrRNA, but a result of the RNA in germinal granules. Indeed, we found almost no mtlrRNA signal within mitochondria in our conditions (Figure 2c -e), despite the fact that mtlrRNA is encoded by the mitochondrial genome and present within mitochondria [20, 21] . This is probably due to the impermeability of the mitochondrial membranes to the probe, because we sectioned embryos for electron microscopy after whole-mount in situ hybridization [8, 9] .
The above results, along with our previous ultrastructural data [8, 9] , clearly show that mtlrRNA is a common component of the germinal granules in Xenopus and Drosophila.
Although its localization in the granules is transient, it is interesting that mtlrRNA is present in the granules at the stages when the germ line segregates from the somatic line. In Drosophila, segregation of the germ line occurs only at pole cell formation. At the early blastoderm stage, the nuclei penetrating the germ plasm are surrounded by cell membranes and cytoplasm to form pole cells, whereas nuclei migrating into the rest of the periplasm are cellularized to form somatic cells (reviewed in [22] ). We know that mtlrRNA is localized in polar granules until the pole cell formation stage [8, 9] and that the RNA is essential for pole cells to form [11, 12] . A similar situation is observed in Xenopus embryos. In this animal, the segregation of germ line from somatic line occurs during the stages from fourcell to blastula [15] . After fertilization, the germ plasm is partitioned into four blastomeres by the first two cleavage divisions. During the ten subsequent rounds of cleavage mitosis until blastula stage, germ plasm is segregated into only one of the two daughter cells [15] . We have shown that mtlrRNA is present in the germinal granules during these stages. Although we have no data showing that the germinal granules containing mtlrRNA are always segregated into one of the daughter cells at each mitosis, it is possible to speculate that mtlrRNA has a role in the correct segregation of germ plasm into the germ-line progenitors.
Recently we have found that mitochondrial small rRNA (mtsrRNA), like mtlrRNA, is concentrated on polar granules in the germ plasm of Drosophila (M. Kashikawa, R.A., A. Nakamura and S.K., unpublished observations). This leads us to speculate that there are mitochondrial ribosomes in polar granules and that they are needed to produce proteins required for pole cell formation. Although it is not yet known whether mtsrRNA is present in the germinal granules of Xenopus embryos, we speculate that mtlrRNA participates in the formation of ribosomes around the granules. It is interesting to note that clusters of ribosomes are present at the periphery of the granules during early embryogenesis of Rana pipiens [16] . Further analysis to test this hypothesis will give a better understanding of mtlrRNA function in germ-line development in Xenopus.
MtlrRNA is only transiently localized in the germinal granules in Xenopus and Drosophila embryos. This implies that mtlrRNA is a factor regulating only part of germ-line development. In Drosophila, germ-line development is regulated in at least two steps: pole cell formation and pole cell differentiation into germ cells [11] . MtlrRNA is required only for the first step [11] . An additional factor for the second step is encoded by the nanos gene [23] . The nanos mRNA is localized in germ plasm, and its protein product is detectable in pole cells throughout their migration into the gonads [24] . In Xenopus, mRNA encoding a Nanos-related protein (Xcat-2) has been reported to be localized in germ plasm [25, 26] . Thus, it seems likely that multiple factors localized in the germinal granules, such as mtlrRNA and nanos/Xcat-2 mRNA, have key roles in germ-line development.
Materials and methods

Probe preparation
A 596 bp DNA fragment from nucleotide 3977 to 4572 in the 17 kb mitochondrial DNA [20] that corresponds to the 3′ portion of the mtlrRNA gene was amplified from Xenopus laevis mitochondrial DNA by the polymerase chain reaction (PCR). The fragment was inserted between HindIII and BamHI sites of the vector pGEM-3 (Promega). Sense and antisense RNAs were transcribed from the mtlrRNA fragment using a DIG RNA labeling kit (Boehringer Mannheim). The synthesized RNAs were used as probes for in situ hybridization without being hydrolyzed.
Whole-mount in situ hybridization for light microscopy
Albino embryos were used for in situ hybridization. Embryos were allowed to develop to the assigned stages at 23°C. Just before the fixation, the vitelline membranes were removed using a pair of forceps. Fixation, pretreatment, hybridization, and signal detection were performed according to Harland [27] . To avoid damage, we omitted proteinase K treatment. After the signal detection, the stained embryos were dehydrated in a methanol series and finally in HistoClear (National Diagnostics). These embryos were transferred to a depression slide filled with HistoClear, and were photographed under a compound light microscope.
In situ hybridization for electron microscopy
In situ hybridization to whole-mount embryos was carried out according to the protocol described above, but we used a 1 nm gold-conjugated anti-DIG antibody diluted 1:200 (BioCell), instead of an alkaline-phosphatase-conjugated anti-DIG antibody. After the antibody reaction, the embryos were washed in PBT four times for 1 h each, then once overnight. Following a wash in 0.1 M cacodylate buffer (pH 7.2), the embryos were refixed in 2.5% glutaraldehyde in the cacodylate buffer for 30 min, then washed with distilled water three times for 10 min each. To intensify the 1 nm gold signal, the embryos were incubated in an 1:2 diluted silver enhancing solution (BioCell) for 10-20 min. The reaction was stopped by washing the embryos in distilled water containing 0.1% Tween-20 three times for 10 min each.
The embryos were fixed in 1% osmium tetraoxide in the cacodylate buffer for 1 h, then embedded in epoxy resin according to Spurr [28] . Ultrathin sections were cut through the germ plasm using a NOVA ultramicrotome (LKB). The sections were stained with uranyl acetate and lead citrate according to Toyada et al. [29] , and observed under a JEM-100XII electron microscope (JEOL). 
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